Introduction
We used SiN protective films to cover the upper electrodes of magnetic tunnel junction (MTJ) devices, as shown in Fig. 1 . These SiN films, deposited by plasma enhanced chemical vapor deposition (P-CVD), cause no oxidative degradation of MTJ devices during deposition and are used to protect MTJ devices from possible chemical damage during the fabrication of magnetoresistive random access memory (MRAM) [1] . Embedded MRAM with multi-level interconnects requires thermal stability of MTJ devices at temperatures higher than 350°C. The SiN protective films deposited in conventional P-CVD systems cannot block moisture diffusing from interlayer dielectric film in high temperature processes at 350°C, and the magnetic properties of MTJ devices with such films are degraded. We deposited SiN protective films in a high-density plasma CVD (HDP CVD) system. They block moisture diffusion and minimize the degradation of magnetic properties in high temperature processes at 350°C.
Experimental
The SiN films were deposited in an HDP CVD system using a gaseous mixture of SiH 4 , NH 3 , (and N 2 ) at 200°C and in a conventional P-CVD system using a gaseous mixture of SiH 4 , NH 3 , and N 2 at 200 and 320°C. The SiN films in the HDP CVD system were deposited under high plasma density and low process gas pressure. As illustrated in Fig.  2 , the raw material molecules were sufficiently decomposed, and smaller precursors landed on the wafer, which produced a fine film in spite of the substrate temperature of about 200°C. To determine whether these SiN films could block moisture, we measured the saturation magnetization (M s ) of the CoFe layer in multilayered films of SiO (300 nm) / SiN (10-30 nm) / CoFe (5 nm) with a vibrating sample magnetometer (VSM) before and after post-annealing at 350°C. The M s in these multilayered films decreases because of the SiN film, which cannot block moisture diffusion, and the M s in these multilayered films cannot decrease because of the SiN film, which blocks moisture diffusion during post-annealing. MTJ stacked films, whose layers were comprised of a CAP layer / NiFe / MgO / CoFeB / Ru / CoFe / PtMn / and a conductive metal layer, were used during the fabrication of the MTJ devices. This type of MTJ film is a candidate for high-speed MRAM cells [2] . We evaluated the magnetic and resistive properties of these MTJ devices, whose widths were between 0.24 and 0.60 m, before and after post-annealing at 325 and 350°C. We also evaluated 1-Kbit MRAM arrays, whose MTJ widths were 0.32 m, before and after post-annealing at 300 and 350°C. Figure 3 shows the dependence of normalized M s on the thickness of the SiN film in multilayered films of SiO (300 nm) / SiN (10-30 nm) / CoFe (5 nm) after post-annealing at 350°C. The Ms in the films whose SiN film was deposited with a gaseous mixture of SiH 4 and NH 3 in the HDP CVD system did not decrease after post-annealing, which indicates that this SiN film blocked moisture from the SiO film and prevented the M s of the CoFe layer from decreasing by oxidation. The M s decreased after post-annealing for the films whose SiN film was deposited with conventional P-CVD, which indicates the SiN film cannot block moisture. Figure 4 shows the R-H loops of the 0.24×0.72-m MTJ devices before and after post-annealing at 350°C. Most of the MTJ devices show coherent switching of magnetization before post-annealing, regardless of the SiN deposition system. After post-annealing at 350°C, most of the MTJ devices with the HDP-CVD SiN protective film show coherent switching, which indicates the free layer in the MTJ devices was not degraded. Most of the MTJ devices with the conventional P-CVD SiN protective film show incoherent switching of magnetization after post-annealing, which suggests the free layer in the MTJ devices was degraded. Figure 5 shows the dependence of the offset magnetic field (H off ) of R-H loops on the MTJ width. The H off of MTJ with the conventional P-CVD SiN protective film has a much higher negative value than that with the HDP-CVD SiN protective film for the smallest MTJ width. In the MTJ devices with the conventional P-CVD SiN protective film, the moisture in the interlayer dielectric film diffused to the CoFeB pinned layer, and the parts of the CoFeB layer that made contact with the SiN protective film were oxidized and lost magnetization. A static magnetic field was produced from CoFeB pinned layer, which caused the negative H off values, as shown in Fig. 5 . In the MTJ devices with the HDP-CVD SiN protective film, the small amount of moisture that diffused from the interlayer dielectric film to the CoFeB pinned layer cannot cause high negative H off values. Figure 6 shows the write-current distributions of the MTJ cells in the 1-Kbit array before and after post-annealing at 300 and 350°C. The SiN protective film was deposited by HDP CVD, and a gaseous mixture of SiH 4 and NH 3 was used. These write-current distributions did not change significantly after post-annealing, which indicates the thermal stability of the writing characteristics of the MRAM array whose SiN protective film was deposited in the HDP CVD system. Figure 7 shows the high-and low-resistance distributions of the MTJ cells in the 1-Kbit array before and after post-annealing at 350°C. The low resistance (R 0 ) after post-annealing is a little higher than that before post-annealing. The MR ratio is about 50%, and R 0 , which is the standard deviation of R 0 , is about 1.5% before and after post-annealing. Therefore, the read margin did not decrease after post-annealing.
Results and Discussion

Conclusion
We deposited a SiN protective film in an HDP CVD system. It increases the thermal stability of MTJ devices. We demonstrated that the writing and reading characteristics of a 1-Kbit MRAM array with the SiN protective film were not degraded after post-annealing at 350°C, which indicates that this film can be used in embedded MRAM processes. 
